A utosomal dominant polycystic kidney disease (ADPKD) is a common cause of chronic kidney disease (CKD) worldwide. It is also the most common genetic cause of CKD, resulting from mutations in the PKD1 and PKD2 genes. S1 The clinical course is characterized by progressive enlargement of renal cysts, often culminating in end-stage renal disease (ESRD).
A utosomal dominant polycystic kidney disease (ADPKD) is a common cause of chronic kidney disease (CKD) worldwide. It is also the most common genetic cause of CKD, resulting from mutations in the PKD1 and PKD2 genes. S1 The clinical course is characterized by progressive enlargement of renal cysts, often culminating in end-stage renal disease (ESRD).
Fibroblast growth factor 23 (FGF23) is a hormone secreted by osteocytes that induces phosphaturia and decreases renal 1a-hydroxylase expression, S2 physiologically functioning as a homeostatic regulator of phosphate and a counterregulatory hormone to 1,25dihydroxyvitamin D (1,25D) . In CKD, FGF23 levels increase very early and continue to rise as the glomerular filtration rate decreases. S3,S4 Increased FGF23 levels in CKD help to maintain normophosphatemia until latestage CKD S4,S5 ; however, these elevated FGF23 levels are also associated with adverse, "off-target" effects, including CKD progression, S6-S8 cardiac hypertrophy, S9 and overall mortality. S7 Interestingly, ADPKD patients with early-stage CKD have higher circulating levels of FGF23 than do non-ADPKD patients with similar kidney function. 1, 2 Regulation of FGF23 is complex and remains incompletely understood. Several mineral metabolism factors may increase FGF23 production, including phosphate, S10,S11 1,25D, S10,S12 parathyroid hormone, S13 and calcium. S14 Recently, it has also been demonstrated that non-mineral factors, such as inflammation, S15 iron deficiency, S15-S18 and erythropoietin (EPO) [3] [4] [5] [6] [7] [8] can also increase FGF23 production.
There is evidence suggesting that EPO production is increased in ADPKD. In kidneys from ADPKD patients, it has been shown that stromal cells in the cyst walls express EPO mRNA, and that the cyst fluid can contain high concentrations of EPO. S19 This cystic EPO production may be secondary to regional hypoxia-induced upregulation of hypoxia-inducible factor 2a. S20 In cohorts of ESRD patients, it has been observed that ADPKD patients have higher serum EPO levels than do non-ADPKD patients. 9 ,S21 As EPO has recently been identified as a novel determinant of FGF23 production, [3] [4] [5] [6] [7] [8] we hypothesized that EPO may contribute to FGF23 production in ADPKD.
Therefore, we evaluated associations between serum EPO and circulating FGF23 levels in subjects from the Halt Progression of Polycystic Kidney Disease (HALT-PKD) study A, a cohort of ADPKD patients with estimated glomerular filtration rates (eGFRs) S22 of at least 60 ml/min per 1.73 m 2 . Then, in a separate, smaller cohort of ADPKD patients with an eGFR of at least 60 ml/min per 1.73 m 2 in whom research protocol bone biopsies were performed, we evaluated associations among serum EPO, circulating FGF23 levels, and bone FGF23. In both cohorts, we measured concentrations of C-terminal (total) FGF23 and intact FGF23. Whereas the C-terminal (total) FGF23 assay detects both the fulllength, intact hormone and its C-terminal proteolytic fragments, thus functioning as a surrogate measure of overall FGF23 production, the intact FGF23 assay detects only the full-length form of the hormone (Supplementary Figure S1 ).
RESULTS

ADPKD HALT-PKD Study A Cohort
This cohort consisted of 78 ADPKD subjects, characterized in Table 1 . The mean (SD) age was 37 (8) years. A total of 55% of subjects were male; 97% of subjects were white. All subjects had an estimated eGFR of at least 60 ml/min per 1.73 m 2 , and the mean eGFR was 91 (17) ml/min per 1.73 m 2 . Kidney volumes were elevated compared with published normal values S23 ; however, the average liver volume for body surface area was within the reference range. S24 The mean serum EPO concentration was 15.8 (6.9) mIU/ml, and the median (interquartile range) serum EPO concentration was 14.2 (11.5, 18.8) mIU/ml, which is elevated compared to the median EPO level observed in a cohort of 6777 subjects from the general population living at sea level (7.8 [5.9, 10 .3] mIU/ml). S25 Although levels were elevated in the ADPKD cohort, the contribution of altitude-mediated effects cannot be excluded.
In our cohort, serum EPO levels positively correlated with circulating C-terminal (total) FGF23 concentrations (r ¼ 0.45, P < 0.001; Figure 1a ), but not with circulating intact FGF23 concentrations (r ¼ -0.09, P ¼ 0.45; Figure 1b ). Serum EPO levels were not associated with height-adjusted total kidney volume (r ¼ -0.05, P ¼ 0.65) or with liver volume (r ¼ 0.05, P ¼ 0.67). In multiple linear regression modeling, in a model adjusted for age, sex, eGFR, height-adjusted total kidney volume, and liver volume, EPO remained positively and independently associated with total FGF23 (b ¼ 0.45, P < 0.001; Table 2 ). In a model further adjusted for serum phosphate, calcium, parathyroid hormone, 1,25D, and hemoglobin, EPO remained positively and independently associated with total FGF23 (b ¼ 0.39, P ¼ 0.001; Table 2 ). In contrast to total FGF23, in no model was intact FGF23 associated with EPO ( Table 3 ).
In a sensitivity analysis, FGF23 values were logtransformed prior to analysis. As in the original analysis, serum EPO levels positively correlated with log-transformed circulating total FGF23 concentrations (r ¼ 0.35, P ¼ 0.002; Supplementary Figure S2A ), but not with log-transformed circulating intact FGF23 concentrations (r ¼ -0.04, P ¼ 0.73; Supplementary Figure S2B ). In multiple linear regression modeling, in the partially adjusted and fully adjusted models, EPO remained positively and independently associated with log-transformed total FGF23 (b ¼ 0.37, P ¼ 0.002, and b ¼ 0.32, P ¼ 0.009, respectively; Supplementary   Table S1 ). As in the original analysis, in no model was log-transformed intact FGF23 associated with EPO ( Supplementary Table S2 ).
In another sensitivity analysis, the outlying total FGF23 and intact FGF23 data points (see Figure 1 ) were removed from the data set prior to analysis. As in the original analysis, serum EPO levels were positively correlated with circulating total FGF23 concentrations (r ¼ 0.27, P ¼ 0.016; Supplementary Figure S3A ), but not with circulating intact FGF23 concentrations (r ¼ -0.03, P ¼ 0.79; Supplementary Figure S3B ). In multiple linear regression modeling, in the partially adjusted and fully adjusted models, EPO remained positively and independently associated with total FGF23 (b ¼ 0.29, P ¼ 0.017, and b ¼ 0.29, P ¼ 0.014, respectively; Supplementary Table S3 ). As in the original analysis, in no model was intact FGF23 associated with EPO ( Supplementary Table S4 ).
ADPKD Bone Biopsy Cohort
This cohort consisted of 15 ADPKD subjects who underwent bone biopsy as part of a research protocol, characterized in Table 4 . The mean (SD) age was 29 (10) years, and 40% of subjects were male. All subjects had FGF, fibroblast growth factor. Data presented as percentages or mean (SD).
an estimated eGFR of at least 60 ml/min per 1.73 m 2 , and the mean eGFR was 106 (20) ml/min per 1.73 m 2 . The mean serum EPO concentration was 9.7 (5.3) mIU/ ml. In this cohort, serum EPO levels tended to positively correlate with circulating total FGF23 concentrations (r ¼ 0.44, P ¼ 0.10; Figure 2a ), but not with circulating intact FGF23 concentrations (r ¼ 0.00, P ¼ 0.99; Figure 2b ) or with bone FGF23 levels (r ¼ -0.10, P ¼ 0.71; Figure 2c ).
In this cohort, we also characterized iron parameters. Serum ferritin levels tended to inversely correlate with circulating total FGF23 concentrations (r ¼ -0.48, P ¼ 0.07; Supplementary Figure S4A ), but not with circulating intact FGF23 concentrations (r ¼ -0.17, P ¼ 0.54; Supplementary Figure S4B ) or with bone FGF23 levels (r ¼ -0.01, P ¼ 0.97; Supplementary Figure S4C ). Serum iron concentrations were not associated with total FGF23 (r ¼ -0.17, 
Also, serum EPO positively correlated with the hepcidin-regulatory hormone erythroferrone (ERFE) (r ¼ 0.69, P ¼ 0.004; Supplementary Figure S5A ), but ERFE was not correlated with serum hepcidin (r ¼ -0.05, P ¼ 0.87; Supplementary Figure S5B ). Ferritin was positively correlated with hepcidin (r ¼ 0.66, P ¼ 0.007; Supplementary Figure S5C ).
DISCUSSION
Previous studies comparing cohorts of ADPKD versus non-ADPKD patients with similar kidney function revealed higher serum EPO levels 9,S21 and higher circulating FGF23 concentrations 1,2 in the ADPKD groups. As EPO can induce FGF23 production, [3] [4] [5] [6] [7] [8] we hypothesized that EPO and FGF23 levels would positively correlate in our ADPKD cohorts. We observed that serum EPO concentrations positively and independently correlated with circulating total FGF23 levels, but not with circulating intact FGF23 levels, suggesting complex EPO-induced effects on FGF23 regulatory mechanisms. Also, we observed that serum EPO concentrations were more strongly associated with circulating total FGF23 levels than with bone FGF23 levels, which may be consistent with EPO effects on extra-osseous FGF23 production. These findings are significant in that they are consistent with what has been observed in preclinical studies regarding the effects of EPO on FGF23, [3] [4] [5] [6] [7] [8] and they suggest that EPO may play a role in FGF23 metabolism in ADPKD patients.
Molecular regulation of FGF23 is complex, as FGF23 is regulated by many factors at both the transcriptional and posttranslational stages. Intracellularly, some translated FGF23 protein may be cleaved into N-terminal and C-terminal fragments, such that what is secreted from the cell is a mix of full-length, intact, bioactive FGF23 protein and cleaved FGF23 protein fragments, the biological relevance of which is unclear. Regulation of FGF23 posttranslational proteolytic cleavage is important, as this regulatory step determines the ratio of intact FGF23 to fragmented FGF23 in the circulation. Multiple enzymes are involved in Figure 2 . Associations between erythropoietin (EPO) and fibroblast growth factor 23 (FGF23) in the autosomal dominant polycystic kidney disease (ADPKD) bone biopsy cohort. In patients with ADPKD, serum EPO levels tended to positively correlate with circulating C-terminal (total) FGF23 concentrations (a), but not with circulating intact FGF23 concentrations (b) or with bone FGF23 levels (c). S29 The relative effects of these enzymes determine how much translated FGF23 protein is cleaved prior to secretion. There are two different types of enzyme-linked immunosorbent assays (ELISAs) used to measure circulating FGF23 concentrations. The first type of FGF23 ELISA is the "C-terminal" ELISA. This assay uses capture and detection antibodies that both recognize epitopes within the C-terminal tail of FGF23, distal to the 176 RHTR 179 cleavage site. Therefore, this assay can detect both full-length, uncleaved FGF23 protein and the cleaved C-terminal FGF23 proteolytic fragment, thus measuring the total amount of translated FGF23 protein (intact FGF23 þ cleaved FGF23 ¼ total FGF23; Supplementary Figure S1 ). Conversely, the second type of FGF23 ELISA-the intact FGF23 ELISA-uses a capture antibody that recognizes an epitope within the Nterminal region, proximal to the cleavage site, and a detection antibody that recognizes an epitope within the C-terminal region, distal to the cleavage site. Therefore, this assay detects only full-length, intact FGF23 (Supplementary Figure S1 ). Using both ELISAs can provide a sense of cleavage activity. For instance, if FGF23 concentrations are increased using the total FGF23 ELISA but not the intact FGF23 ELISA, then this suggests that increased FGF23 translation has been offset by increased posttranslational cleavage, resulting in increased circulating concentrations of FGF23 fragments (as reflected by the total FGF23 ELISA), but not intact FGF23 protein (as reflected by the intact FGF23 ELISA).
Interestingly, EPO stimulates both FGF23 mRNA transcription and FGF23 posttranslational cleavage. [3] [4] [5] [6] [7] [8] The mechanisms by which EPO may induce FGF23 mRNA transcription are unknown. Regarding cleavage, the mechanisms are also unknown; however, some murine data suggest that EPO may be associated with decreased GALNT3 mRNA expression, which could allow for increased FGF23 proteolytic cleavage. 4, 8 The coupling of increased transcription with increased posttranslational cleavage results in cellular secretion of large amounts of FGF23 fragments, markedly out of proportion to intact FGF23, resulting in much greater increases in circulating C-terminal (total) FGF23 than intact FGF23. For instance, mice with chronically high endogenous EPO levels 8 or acutely increased endogenous EPO levels 4, 5 have large increases in circulating FGF23 fragments, but attenuated increases in circulating intact FGF23 concentrations. Similarly, in mice [3] [4] [5] [6] [7] [8] and humans, 3,7 a single dose of exogenous EPO acutely increases FGF23 fragment concentrations out of proportion to intact FGF23. Consistent with EPOinduced coupling of increased FGF23 transcription with increased posttranslational cleavage, in human CKD cohorts, serum EPO levels or exogenous EPO dose are positively and independently associated with total FGF23 levels, but not intact FGF23. 8 In the ADPKD cohorts presented here, we observed similar patterns, as serum EPO was associated with total FGF23 but not intact FGF23. As the biological roles of FGF23 fragments remain incompletely defined, the implications of EPO-induced increased fragment production are unclear and require further study.
In our ADPKD cohort that underwent bone biopsy, we measured both circulating and bone FGF23 levels. Serum EPO concentrations correlated more strongly with circulating total FGF23 than with bone FGF23, which may be consistent with observations that EPO affects extra-osseous FGF23 production. However, the absence of an association between EPO and bone FGF23 may also be due to a lack of power, given the small sample size, and/or limitations related to immunohistochemistry. Also, our assessment of this cohort was limited by the absence of bone Fgf23 mRNA expression data.
Previous studies have presented data regarding EPO effects on extra-osseous FGF23 production. Murine studies have demonstrated that the bone marrow is a novel site of EPO-induced FGF23 production. [3] [4] [5] [6] [7] [8] Although it is unknown which exact marrow cell subpopulation can produce FGF23 in response to EPO, murine studies have demonstrated EPO-induced FGF23 expression in erythroid lineage cells. 3, 4, 7 However, other non-skeletal tissues could potentially produce FGF23 in ADPKD. In murine PKD models, Spichtig et al. demonstrated that the cells lining renal cysts express FGF23 mRNA and protein. S30 More recently, in human ADPKD patients with hepatic cysts, Bienaime et al. found that the hepatic cysts express FGF23 mRNA and protein. 2 In this cohort, plasma total FGF23 levels independently correlated with liver volume, and surgical reduction of the cystic liver mass was associated with decreased plasma total FGF23 levels. 2 In our ADPKD bone biopsy group, one subject had numerous liver cysts; this subject also had the highest circulating total FGF23 concentration. However, in our larger ADPKD cohort, serum EPO levels were not associated with kidney volume or liver volume. Although the stimuli of potential renal and hepatic cystic FGF23 production are unknown, it is possible that local hypoxia may increase FGF23 expression, as hypoxia stimulates hypoxia-inducible factor 1a (HIF1a) expression, and HIF1a can bind to a site in the proximal FGF23 promoter to induce transcription. S31 In our smaller ADPKD cohort, we also characterized circulating iron parameters. Like EPO, iron deficiency also couples increased FGF23 mRNA transcription with increased FGF23 posttranslational cleavage. S15-S18 In human cohorts, it has been observed that iron deficiency is associated with increased circulating total FGF23 levels, but not intact FGF23, consistent with elevated concentrations of FGF23 proteolytic fragments. S32,S33 Similarly, in our ADPKD cohort, we observed that serum ferritin levels tended to inversely correlate with circulating Cterminal (total) FGF23 but not intact FGF23. Also, we observed that EPO strongly and positively correlated with ERFE, a hormone secreted by erythroid precursor cells that acts on the liver to suppress hepcidin. S34 Decreased hepcidin allows for increased activity of the cellular iron exporter ferroportin, resulting in increased dietary iron absorption from enterocytes and increased mobilization of body iron stores. S35 This EPO-ERFE-hepcidin axis couples erythropoietic stimuli with enhanced iron availability for erythropoiesis. In our subjects, ERFE did not correlate with serum hepcidin levels, but ferritin did, suggesting a possibly stronger effect of iron and/or inflammation on hepcidin than ERFE. In humans, we have previously observed that both phlebotomy-induced blood loss (which causes compensatory increases in serum EPO concentrations) and exogenous EPO administration results in acutely increased ERFE levels and decreased hepcidin levels. S36 However, in cross-sectional analysis of other small human cohorts, we also have observed that EPO correlates with ERFE, but ERFE does not correlate with hepcidin, suggesting multifactorial regulation of hepcidin production. S37 Although both EPO and iron status may affect FGF23 production and metabolism, other factors may also be contributory. Specifically in ADPKD, alterations in klotho and sclerostin may be important. Compared to early-stage CKD patients without ADPKD, earlystage CKD patients with ADPKD have significantly lower soluble klotho levels. S38 Compared to ESRD patients without ADPKD, ESRD patients with ADPKD have significantly higher circulating sclerostin levels. S39 Therefore, specific ADPKD-associated differences in mineral metabolism parameters may also contribute to the FGF23 profile in this condition.
Although our study is novel in that it is the first to assess associations between EPO and FGF23 in ADPKD patients, it has several limitations, including small sample sizes, the lack of non-ADPKD control groups, incomplete characterization (for instance, lack of iron studies in the first cohort), and the associative nature of our results. Additionally, altitude-mediated effects may have influenced serum EPO levels; however, this would not be expected to affect EPO-FGF23 correlations. Lastly, we observed that circulating total FGF23 levels were lower in the first cohort than in the second cohort. Although the reasons for this difference are unclear, we hypothesize that it could be related to differences observed when measuring total FGF23 in serum versus plasma with the Immutopics/Quidel ELISA (San Diego, CA). S40 Regardless, the pattern of EPO-FGF23 associations (a much stronger association between EPO and total FGF23 than between EPO and intact FGF23) was similar in both cohorts, suggesting similar potential effects of EPO on FGF23. Indeed, consistent with previous murine and human studies, our data suggest EPO-induced coupling of increased FGF23 transcription with increased posttranslational cleavage. Larger studies of ADPKD patients are needed to more robustly assess the possible EPO-FGF23 relationship in ADPKD and its potential clinical consequences.
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Supplementary File (PDF) Figure S1 . The C-terminal (total) fibroblast growth factor 23 (FGF23) and intact FGF23 enzyme-linked immunosorbent assays (ELISAs). Whereas the C-terminal (total) FGF23 ELISA detects both the full-length, intact protein and its Cterminal proteolytic fragments, the intact FGF23 assay detects only the full-length form of the hormone. Figure S2 . Associations between erythropoietin (EPO) and log-transformed fibroblast growth factor 23 (FGF23) in the Autosomal Dominant Polycystic Kidney Disease Halt Progression of Polycystic Kidney Disease (ADPKD HALT-PKD) study A cohort. In patients with ADPKD, serum EPO levels positively correlated with log-transformed circulating Cterminal (total) FGF23 concentrations (A), but not with logtransformed circulating intact FGF23 concentrations (B). Figure S3 . Associations between erythropoietin (EPO) and fibroblast growth factor 23 (FGF23) in the Autosomal Dominant Polycystic Kidney Disease Halt Progression of Polycystic Kidney Disease (ADPKD HALT-PKD) study A cohort, excluding outlying points. In patients with ADPKD, serum EPO levels positively correlated with circulating Cterminal (total) FGF23 concentrations (A), but not with circulating intact FGF23 concentrations (B). Figure S4 . Associations between ferritin and fibroblast growth factor 23 (FGF23) in the autosomal dominant polycystic kidney disease (ADPKD) bone biopsy cohort. In patients with ADPKD, serum ferritin levels tended to inversely correlate with circulating C-terminal (total) FGF23 concentrations (A), but not with circulating intact FGF23 concentrations (B) or with bone FGF23 levels (C). Figure S5 . Associations among iron-related parameters in autosomal dominant polycystic kidney disease (ADPKD) subjects. In patients with ADPKD, serum erythropoietin (EPO) levels positively correlated with erythroferrone (ERFE) (A), but ERFE did not correlate with hepcidin (B). Serum ferritin positively correlated with hepcidin (C). Table S1 . Multiple linear regression modeling, dependent variable: log-transformed C-terminal (total) fibroblast growth factor 23 (FGF23) (n ¼ 78). Table S2 . Multiple linear regression modeling, dependent variable: log-transformed intact fibroblast growth factor 23 (FGF23) (n ¼ 78). Table S3 . Multiple linear regression modeling, dependent variable: C-terminal (total) fibroblast growth factor (FGF) 23, excluding outlying point (n ¼ 77). 
